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PHOTOREFRACTIVE HOLOGRAPHIC RECORDING MEDIA 

The present invention relates generally to materials 
used for forming photorefractive holographic recording 
media. In particular but not exclusively the invention 
relates to a group of materials which are usable as non- 
volatile rewriteable holographic media. 

We now live in an information-driven age, and one of 
the key limiting bottlenecks concerns the storage and rapid 
retrieval of the data involved. Permanently recorded CDs 
consist of a series of pits and grooves etched into the 
surface, and rewriteable CDs employ surface 
crystallisat ion/amorphizat ion of a thin amorphous layer, in 
which the information is digitally encoded and read 
optically. Magnetic discs likewise store digital 

information in the form of differently aligned magnetic 
domains on the surface of a magnetic medium. The data- 
storage business is huge : the annual sales revenues of 
disc drives in 2002 is predicted to be more than 50 billion 
dollars. 

Data storage based on two dimensional (2D) memories, 
such as optically read/write pits, grooves or magnetic 
domains are reaching the theoretical limits of the given 
materials. New techniques are being sought in order to 
decrease the price per megabyte and increase the data 
storage capacity and speed of data recording and retrieval 
of near-future disk drives by several orders of magnitude. 
The technical solutions to the problem are essentially 
three- fold. Firstly, decreasing the pit and groove sizes 
to several nanometres would reach the limit of 10 10 -10 12 
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bits/mm 2 . Such a solution is, however, inevitably limited 
by costly precision mechanics, need for special environment 
(high-vacuum or pure liquid state) and most importantly, 
extra long access time to stored data due to the inherent 
5 disadvancage of 2D technology - very slow serial reading. 

The second technical solution to the increasing 
demands for data-storage systems is being developed on the 
basis of three-dimensional optical writing of pits and 
grooves into, a series of multi- layers. Instead of one 
layer in today's CDs or two layers in today's DVDs, multi- 
layer disks are beings considered using, for example, 
photorefractive polymers or fluorescent materials. This 
technical solution to the data-storage problem also has 
severe disadvantages, such as the limited number of 
sensitive layers due to overlapping problems (noise due to 
interference and scattering) and still, most importantly, 
slow serial data processing. 
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The third category of technical approach to data- 
storage systems for future disk drives is in holographic 
data recording and retrieval. it is thus an aim of the 
present invention to at least partly mitigate the above 
mentioned problems. 

In this, whole "pages" of information can be stored in 
a single hologram stored in a medium, and many holograms 
can be simultaneously stored in a 3D region. The 
theoretical limit for data storage using this method is 
approximately 10 10 bits/mm 3 (compared with say N X 4 X 10 6 
bits/mm 2 for an N- layer CD) , thus offering the prospect of 
data-storage systems being able to store terabytes of 
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information, orders of magnitude greater than is possible 
using current technologies. Of equal (or greater) 

importance is that retrieval rates for stored data are also 
correspondingly much greater (of order Gbit/sec) because 
whole holograms (pages) are read at once rather than the 
information being read bit-by-bit. 

It is generally accepted that a suitable recording has 
not been commercially available. Virtually any photo- 
sensitive material can be used for holographic recording; 
however, long-time data storage, sensitivity, cost, speed 
of recording, developing of the holograms are only some of 
the issues which limit the available materials to a few 
which are potentially useful in the field of holographic 
data storage. Typical materials extensively used in, for 
example, art holography, such as silver-halide materials, 
dichromated gelatin, bacteriorhodospin etc. are generally 
unsuitable for data storage as they typically require wet 
processing and are irreversible. Thus, there are, in 
principal, two major groups of materials being extensively 
studied at present. 

The first of these, ion-doped ferroelectric oxides, 
such as lithium niobate, have served for laboratory use for 
many years. Holograms recorded in these materials consist 
of bulk space-charge patterns. Disadvantages include: 
costliness, poor sensitivity (need for very high light 
power densities) and the danger of noise due to damage 
inflicted during read-out. Also to reach the theoretical 
limits of the material, the need for wavelength and/or 
angle multiplexing methods in precisely aligned crystals 
requires very costly apparatus etc. 

3 
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The second of these, polymer recording, is promising 
and is gaining increased popularity due to the simple 
method of preparation and relatively low cost. Several 
physical principles are utilized in polymer recording. 
Materials for such an application need to be either 
dependent on a refractive-index change resulting from 
polymerization^ in illuminated areas (essentially an 
irreversible process, a write-only-once type of memory with 
significant distortions of the holograms due to polymer 
shrinkage during polymerization) or a patterning of 
photoliberal trapped charge by interfering laser beams 
which leads to space-charge field formation and thus a 
refractive- index modulation; these are photorefractive 
polymers (reversible, however with a very fast dark 
relaxation, and requiring an external electric field) . 

Photochromic and photodichroic polymers that undergo 
change in isomer state after two-photon absorption are also 
the subject of extensive study. These materials are 
reversible and relatively fast (msec) ; however, 
disadvantages typically include relatively very fast dark 
relaxation, short dark storage time and the requirement of 
coherent UV light sources. Organic polymers are also 
limited in having relatively low light intensity thresholds 
due to possible overheating (resulting in chemical 
decomposition) . 

Until recently, chalcogenide glasses, which have found 
application in today's CD and DVD technology 2D data 
storage materials, have attracted little attention as 

4 
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potential materials for holographic data storage, and have 
been mainly of acadamic interest. 

The term chalcogenide glasses defines a large family 
5 of vitreous materials fabricated from metals (e.g. As, Ge, 
Sb) in conjunction with the heavier elements in the oxygen 
family (i.e., the chalcogens S, Se, Te) . There are many of 
such glass-forming chalcogenide compositibns . Generally 
speaking, chalcogenide glasses have low glass transition 
10 temperatures, (typically 180° - 300°C.) and high refractive 
indices (typically 2.5). While dependent on composition, 
the transparency range of these glasses spans (roughly) the 
0.8 to 15 micron region. 

15 One of the unique features of chalcogenide glasses is 

their ability to undergo reversible changes in their 
optical properties under the action of bandgap illumination 
as described in K. Shimakawa, A. Kolobov and S.R Elliott, 
photoinduced effected and metastability in amorphous 

20 semiconductors and insulators, Advances in Physics 44, 
(1995), 475. There are five basic principles utilized in 
chalcogenide glasses which are used for holographic 
writing: photodarkening, the change of refractive index and 
absorption coefficient upon absorption of unpolarized 

25 light; photoinduced anisotropy, the change of refractive 
index absorption coefficient upon absorption of polarized 
light; relaxational structural changes, the photoinduced 
expansion and contraction of the glassy matrix; wet etching 
of the exposed areas of the chalcogenide glass in solvents; 

30 and photodoping of chalcogenides with materials which are 
in direct contact with illuminated area of the sample (such 
as silver, copper etc.) 
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Scalar photodarkening (i.e. a photoinduced change in 
optical properties independent of the polarization of the 
inducing light) is a well studied optical property in 
chalcogenide glasses and is believed in the related art to 
be caused by one or more combinations of the following 
processes: atomic bond scission, change in atomic distances 
or bond-angle distribution, or photoinduced chemical 
reactions such as 

2As 2 S 3 <-> 2S + AS4S4 

amorphous -As 2 S 3 <-> crystalline As 2 S 3 . 

The accompanying change in refractive index due to 
photodarkening is typically greater than that in 
photorefractive crystals or polymers and can reach up to n 
0.1-0.2 (for comparison Fe-doped LiNb0 3 ferroelectric 
crystals has n - 10" 4 ) . In the early 1970's reversible 
photoinduced shifts of the optical absorption of vitreous 
As 2 S 3 films were reported and used for hologram storage in 
these materials. Typical diffraction efficiencies of 
several percent for exposure with 15mW laser power (Ar-ion 
laser) in 10 sec, with stable dark data storage over 2,500 
hours, were reported in As 2 S 3 films. Similar parameters of 
diffraction efficiency of holographically written gratings 
or other holographic elements based on the principle of 
photodarkening in chalcogenide glasses were later reported 
by various researchers. An important observation with 
respect to the present was given in [A. Singh, R.A. Lessard 
and M. Samson, Effect of temperature on diffracation 
efficiency of holograms recorded in arsenic trisulphide 
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thin films, Optica Acta 31 (1984) 116], where the 
diifraction efficiency of holographic gratings was shown to 
decrease dramatically as the temperature reaches 150°C. 
The conclusion is that As 2 S 3 is unsuitable for optical 
5 storage at temperatures above 100°C. Heating the samples 
to the glass-softening temperature is nowadays used to 
erase the induced photodarkening [Shimakawa et al.] 



Photoinduced anisotropy, optical changes under 

10 illumination with polarized light (i.e. optically induced 
binef ringence and dichroism) , are the second group of 
optical properties in chalcogenide glasses used for 
hologram writing. Optical properties such as optically- 
induced dichroism (anisotropy in absorption) or 

15 birefringence (anisotropy in refraction) have been 
investigated in a variety of chalcogenide materials, in 
both amorphous thin-film and bulk-glass forms. These 
investigations led to the invention of materials suitable 
as a new medium for holographic data storage. A change of 

20 refractive index of about -3.10" 3 in a-As 2 S 3 films was first 
observed in 1977 by Zhdanov and Malinovsky, and nearly 100 
research papers have been published on the subject since. 
The structural changes associated with photoinduced 
anisotropy are the subject of speculations; however, it is 

25 generally accepted that the structural origin of the 
photoinduced anisotropy is different in nature from that of 
scalar photodarkening. Reorientation of charged atomic 
defects, orientation of crystalline units in the glassy 
matrix and change in bond-angle distributions are all being 

30 equally considered as the origin of photoinduced 
anisotropy. The first holographic recording in 

chalcogenide glasses [see Ozols et al. holographic 
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recording in amorphous semiconductor films. SPIE 2968 
(1997) 282] utilizing photoinduced anisotropy was performed 
by Kwak at al . The maximum diffraction efficiency (- 0.2%) 
with an Ar-ion laser beam (514 nm) and 50mW/cm 2 light 
5 intensity, was reached in order of tens of seconds in [C.H. 
Kwak, J.T. Kim and S.S. Lee, Scalar and vector holographic 
gratings recorded in a photoanisotropic amorphous As 2 S 3 thin 
films, Optics Lett:' 13 (1988) 437] . The effect is 
essentially reversible by changing the orientation of 
10 linearly polarized light to the orthogonal direction to 
that of the indue jjig^ beam. Similar characteristic 

performances of " holographic writing of diffraction elements 
(diffraction efficiency of order < 5%) with polarized light 
have been reported later; however, the area of study of 
15 vectoral photoinduced anisotropy in chalcogenide glasses is 
still relatively undeveloped. Similarly to the scalar 
changes, the potential use of vectoral anisotropy for 
holographic data recording suffers from the thermodynamic 
instability of chalcogenide glasses, where relaxational 
20 changes over long storage time at ambient or increased 
temperatures, or the inflicted damage during the readout 
periods, typically decrease the efficiency of the holograms 
to an unacceptable level. 

Relaxational structural changes, a considerable change 
in viscosity and volume (expansion) of the glassy matrix, 
have been observed and used for holographic recording as a 
surface relief pattern on the glassy matrix. The created 
surface relief pattern is stable and can be stored over an 
extended time period. The diffraction efficiency of such 
holographic elements can reach several percent (with the 
amplitude of the surface relief pattern being a few tens of 

R 



BNSOOCtD: <WO 0146111A1J_> 



25 



30 



10 



20 



WO 01/451 1 1 PCT/GB00/O4833 

nanometers) ; however, as the observed changes are typically 
surface related, and are only partly reversible (with the 
maximum diffraction efficiency being achieved with virgin, 
previously illuminated samples), this method is generally 
5 unsuitable for holographic data recording. 

For completeness, wet etching of photo- induced 
holograms in chalcogenide glasses utilizes the feature of 
chalogenide glass to act as an effective inorganic 
photoresist, . where illuminated or unilluminated areas of 
the sample are vulnerable to solvents (both positive and 
negative acting solvents being used) . This effect has the 
potential for use in making holographic master elements for 
polymer endorsing; however, it is generally unsuitable for 
holographic data storage, as it requires long times for the 
development of the recorded data. Photodoping of 

chalcogenide glasses uses a known feature of chalcogenide 
glasses to effectively dissolve materials that are in 
physical contact with illuminated areas of the sample. 
Although this is potentially interesting in write-only-once 
type of memories, this effect is generally slow and 
irreversible, and is not considered preferable for 
holographic data storage. 
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Although the above cited recorded holographic elements 
are often referred to as being stable at room temperature, 
the long-time thermodynamic instability of some of the 
chalcogenide glasses clearly hinders these materials from 
commercialization. As with the majority of the organic- 
polymeric materials, in chalcogenide glasses also one of 
the major problems is indeed the temporal fixation of the 
induced holograms in the material. If this problem were to 
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be overcome, chalcogenides could be used for optical data 
storage in future optical discs. 

It is thus an aim of the present invention to at least 
5 partly mitigate the above mentioned problems. 

According to a first aspect of the present invention there 
is provided a holographic recording medium comprising: 

an amorphous host material which undergoes a phase 
10 change from a first to a second thermodynamic phase in 
response to a temperature rise above a predetermined 
transition temperature; 

a plurality of photo-sensitive molecular units 
embedded in the host material and which can be orientated 
15 in response to illumination from a light source; whereby 

said molecular units may be so orientated when said 
host material is at a temperature equal to or above said 
transition temperature but retain a substantially fixed 
orientation at temperatures below said transition 
20 temperature. 

According to a second aspect of the present invention 

there is provided a method of forming a holographic element 

comprising the steps of: 
25 heating an amorphous host material above a 

predetermined transition temperature at which said material 

undergoes a thermodynamic phase change from a first to a 

second thermodynamic state; 

selectively illuminating said host material via a 
30 light source thereby orienting photo-sensitive molecular 

units embedded in said host material in response to the 

illuminating light; and 

10 
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subsequently cooling said host material below said 
transition temperature to a temperature at which said host 
material is in said first thermodynamic state thereby 
substantially fixing the orientation of said molecular 
5 units. 



Embodiments of the present invention will now be 
described hereinafter by way of example only and with 
10 reference to. the accompanying drawings in which: 

Figure 1 shows a comparison of diffraction patterns. 



15 



20 



Figure 2 shows a typical behavior for an As 4 Se 3 film 
upon illumination with linearly polarized light. 

Figure 3 shows details of photoinduced anisotropy. 

Figure 4 shows an optical system. 

Figure 5 shows a set of interference patterns. 



In the drawings like reference numerals refer to like 
parts . 

25 

Embodiments of the present invention are directed to 
providing new photorefractive materials for holographic 
recording that are not subject to the above -discussed 
shortcomings of the prior art, such as volatile readout 
30 (erasure on readout), short dark-storage time, 
irreversibility or need for costly light sources. 
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In one aspect of the present invention, a holographic 
storage medium comprises a heat medium which contains 
molecular cluster compounds of the type A 4 B 3 or A 4 B 4 (A = P, 
As) and B=S, Se, Te) embedded in a host material. The 
5 requirement of the host material is to provide a suitable 
environment for the molecular units, and can be composed of 
either an amorphous inorganic solid network comprising of 
either the same constituent atoms as in the molecular units 
or a combination of different atoms forming an amorphous 
10 inorganic structure and/or an organic -polymer phase. 

When an interference pattern is formed within this 
medium by means of illumination with coherent linearly 
polarized light, in the light areas of this interference 

15 pattern the molecular units orient themselves with respect 
to the electric-field vector of the linearly polarized 
light, thereby causing a preferential overall 
redistribution of refractive index in the illuminated 
areas, forming a volume phase hologram and other 

20 holographic elements within the medium. 

As is well known and understood in the holographic 
art, volume phase holograms record information as a 
modulation of the refractive index of the medium in which 

25 the recording is effected. In practising the present 
invention, a considerable modulation of the molecular 
refractive index can be caused in a glassy-crystalline 
material containing molecular compounds of the type A4_B 3 or 
A4B4 (A = P. As) and (B=S, Se, Te) . These materials can be 

30 prepared in various methods well known in solid-state 
physics and chemistry art. In our example, the inorganic 
glassy-crystalline material can be prepared via thermal 

12 
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evaporation of a melt of As and Se elements with a 
respective molar ratio of 4:3. Evaporation of the melt 
onto a silica substrate in high vacuum with an evaporation 
rate of l-3nm per second causes a material consisting of an 
5 amorphous network with embedded molecular units of As 4 Se 3 to 
be prepared. The concentration of the molecular-unit phase 
is dependent on conditions such as temperature of the melt, 
temperature of the substrate, molar ratio of the elements 
in the melt, rate of evaporation, temperature treatment of 
10 the created .film etc. and need not be specified further. 
It is envisaged that for preparation of the holographic 
medium, various methods of preparation can be employed, 
for example spin coating of chemical vapour deposition 
(CVD) ; or extraction of the molecular units and consequent 
15 blending into a polymer phase. Similar glassy-crystal 
compositions can also be prepared with a combination of 
different elements than arsenic and selenium, such as 
arsenic and sulfur, phosphorus and sulfur, or phosphorus 
and selenium to form molecular units similar to those of 
20 As 4 Se 3 and As 4 Se 4 . 

Investigation has shown that it is possible, 
repeatedly and reversibly, or permanently if desired, to 
reorient and align these molecular units under illumination 

25 with linearly polarized light. Desirable changes in the 
optical properties/holographic performance may be effected 
in this manner, since small differences between the 
refractive index or optical density of the area with 
aligned molecular units alone and also that of aligned 

30 molecular units and host medium are amplified in their 
effect on the optical properties of the combination. 
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According to a first embodiment of the present 
invention a holographic element of composition As 4 Se 3 may be 
prepared by thermal evaporation of a melt of As and Se, in 
the molar ratio 4:3. Details of the thermal behavior of 
5 these A4B3 cage molecules [A=P, As, B=S, Se] is described in 
[R. Blachnik and U. Wickel, Thermal behavior of A4B3 cage 
molecules (A=P, As;B=S, Se, Thermochimica Acta 81 (1984) 
185] . The rate of evaporation was l-3nm per second and the 
resulting film was 1pm thick. Analysis of the X-ray 
10 diffraction spectrum of the As 4 Se 3 film Figure 1(a), showed 
essentially the same diffraction pattern as a similar 
material processed by vacuum sublimation and extraction of 
the product with C3 2 , which is believed to be 
representative of a-As 4 Se 3 molecular crystals shown in 
15 Figure 1 (b) (Blachnik R . and Wickel U., Thermochimica 
Acta, 81 (1984), 185-196). Details of the data shown in 
Figure 1 are set out in more detail below. Figure 1 shows 
comparison of X-ray (CuKa) diffraction patterns of: (a) as- 
evaporated 1 pm thick As 4 Se 3 film; (b) crystalline a-As 4 Se 3 
20 prepared by vacuum sublimation and extraction in CS 2 (the 
peak intensities were estimated from X-ray photographs) 
(Blachnik and Wickel (1984); (c) diffraction pattern of 1 
pm thick As 4 Se 3 film annealed for several hours at 
temperatures around 350K; (d) X-ray dif f ractogram of 
25 monoclinic c-As 4 Se 3 (after Smail E.J. and Sheldrick G.M., 
(1973) Acta Crystallogr . B29, 2014) . 

Processing of the said holographic element by exposure 
to linearly polarized light modulates the index of 
30 refraction with respect to the electric vector of the 
inducing linearly polarized light. He-Ne laser light 
(633nm, 100mW/cm 2 ) is one source of such polarized light 

14 
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although other forms can be used as is known in the art. 
Fig. 2 shows the modulation of the absorption coefficients 
an and ai in a virgin As 4 Se 3 film in several consecutive 
cycles in which the electric vector of the inducing light 
5 was oriented in two, mutually orthogonal directions during 
the experiment (denoted by arrows in Figure 2) . a i: and oc± 
are the absorption coefficients of the illuminated sample 
in the direction parallel (II) and orthogonal (jl) to the 
electric vector of inducing linearly polarized light 
10 respectively. The . induced modulation of the absorption 
coefficient is shown as a ratio of the transmitted light 
intensities : 



X = 2(In-Ii)/(In+Ii) - (Iii+Ll) 

15 

I n is the intensity of the transmitted light of the 
originally linearly polarized He-Ne laser light used for 
aligning and reorienting the molecular units, and Ix is the 
transmitted intensity of the linearly polarized He-Ne laser 

20 with the polarization vector orthogonal to the said 
moiecular-unit aligning and reorienting He-Ne laser light. 
This was used to probe the holographic element at discrete 
short time intervals, i.e. to probe the amount of the 
alignment and reorientation of the molecular units. It is 

25 well known and understood in optical art that the 
transmission intensity measurement is directly related to 
the change of the index of refraction by the Kramers-Kronig 
relationship. Hence, figure 2 also directly shows 

modulation of the refractive index in the material. The 

30 results show the typical behavior of a virgin 1 pm thick 
As 4 Se 3 film upon illumination with iir.early polarized light. 
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The time interval between the polarization changes is 30 
minutes . 

When the orientation of the electric vector of the 
said aligning and reorientating laser is changed to the 
5 orthogonal direction (denoted by arrows between the grid 
lines in figure 2), the amount of the alignment and 
orientation of the molecular units, given by the ratio %t 
with respect to previous laser illumination can be changed 
to zero and even reorientation of the molecular units can 
10 be further continued to the direction on average orthogonal 
to the previous one. Such cycles of orientation and 
erasure can be repeated several times at ambient 
temperature . 

The holographic element used in the above was 
subjected to increased temperature. It is known in related 
art that, at increased temperatures, caused either by 
external heating or directly by absorption of light, 
crystals consisting entirely of the said A 4 B 3 or A4B4 
molecules transform into the plastically crystal-like 
state. The intermolecular forces in the plastic phase are 
weakened in such a way that it is believed that A 4 B 3 or A 4 B 4 
molecules can be relatively freely oriented within the 
medium under the influence of an external field of 
typically thermal or mechanical origin. It has now been 
found that it is possible, repeatedly and reversibly, or 
permanently if desired, directionally to orient and align 
the molecules in such a plastic phase by illumination with 
polarized light. This preferential reorientation of the 
molecular units can be preserved in the glass after cooling 
the holographic medium to temperatures below the 
temperature associated with the plastic-phase change of the 

16 
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molecules. Hence, preferential orientation of the optical 
axes due to the rozation of the molecules at temperatures 
of plastic phase formation resulting in a specific index of 
refraction can be preserved in the said holographic 
element. Figure 3(a) illustrates typical kinetics of 
photo-induced anisotropy at the plastic-phase-change 
transition temperature for an As 4 Se 3 sample with a He-Ne 
linearly polarized laser (A = 632. 8nm, and with the 
intensity of the inducing light - 50-100mW/cm 2 ) . The 
temperature was increased from ambient (303K) to the 
plastic -phase -change temperature by external heating of the 
sample (see temperature profile given by dotted line in 
(a) ) - Figure 3 (b) shows a detail of the photoinduced 
anisotropy at the plastic -phase-change temperature. The 
polarization was changed on the grid lines. Relative 
orientation of the electric vector of the inducing light is 
denoted by arrows. Note a significant increase of the time 
response in comparison with Fig. 2. Figure 3(a) in more 
detail shows typical kinetics of the said transmitted light 
intensity ratio x in a 1 um thick As 4 Se 3 film while heated 
from ambient temperature to a temperature around 443K at 
which As 4 Se 3 transforms into a plastically crystalline 
modification. A significant increase of the photoinduced 
anisotropy ( x ) amplitude, along with a shorter time needed 
for reorientation and alignment of the molecules, can be 
discerned from Figure 3(b) upon comparison with Figure 2. 
Comparison of the X-ray diffraction pattern of the As 4 Se 3 
material after several hours of annealing at about 400K 
(see Figure 1(c)) with the X-ray dif f ractogram of 
monoclinic c-As 4 Se 3 believed to be composed of the molecular 
units As 4 Se 3 (Figure 1(d)), shows a considerable 
transformation of the original dominant As 4 Se 3 molecular 
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units (Figure 1(a)) of the as-prepared As 4 Se 3 film into 
As 4 Se3 molecules. 

Figure 4 illustrates one arrangement of optical 
5 devices which may be used to provide the ability to "write" 
data in the form of holographic images in a recording 
medium according to an embodiment of the present invention. 
Reference will be first made to figure 5a, 5b and 5c to 
help explain tiow various forms of holographic patterns can 
10 be formed. 

The principle of holography lies in the interference 
of two coherent light beams, one called a reference beam 
and a second called the object beam. If both beams are 

15 linearly polarized, equivalent in amplitude (intensity) and 
phase (polarization) and are incident on a sample under a 
certain angle they form so called holographic gratings. 
The light intensity distribution 51 in such gratings is 
dependent on wavelength of the light and angle of incidence 

20 and is a sinusoidal function of alternating dark 52 and 
bright 53 areas shown in figure 5a. 

If, however, one of the linearly polarized beam is 
phase shifted relative to the other so that, for example, 

25 the polarization angle of a beam is orthogonal to the 
second beam, these two beams still form a diffraction 
grating upon interference on the substrate, but this is not 
an intensity grating as in the first example, but rather a 
phase grating 54. That is, there will not be lighter and 

30 darker "lines' 7 of interfering light. In fact the intensity 
distribution will be at a constant value; what will change, 
however, is the phase distribution. If two linearly 
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polarized beams have their polarization axes orthogonal to 
each other they will interfere on the substrate; the 
resulting pattern will consist of alternating areas shown 
in figure 5b consisting of regions of circularly polarized 

5 light 55 and regions of linearly polarized light 56. The 
regions of circularly polarized light vary from regions of 
left hand circularly polarized light to regions of right 
hand circularly polarized light (as indicated by the 
arrows) . The figure shows extreme cases; of course, in the 

10 boundaries there is generally elliptically polarized light. 

However, in the case of two interfering beams being 
circularly polarized, one right handed and the second left 
handed, the interference pattern will again have the same 
15 intensity, but the phase of the pattern will look like that 
of figure 5c which shows the interference pattern 57 
resulting in two types of regions of linearly polarized 
light. 

20 The last two examples 54 and 57 are called in the 

holographic art "polarization holography". In order to be 
able to write phase patterns, one needs a medium which is 
sensitive to the phase of light. Most of the media are 
sensitive only to amplitude (such as silver halides 

25 (photographic emulsions), lithium niobate or most 
polymers) . Some, however, are sensitive to phase 

(polarization) as well. For example, some photorefractive 
polymers or the chalcogenide glasses (the material of 
interest) . Phase holograms are more efficient compared to 

30 amplitude holograms (i.e. sensitive to light intensity). 
Embodiments of the present invention can use any of these 
types of holography. 

19 
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If a beam strikes an object, it gets reflected; in 
principle, the amplitude as well as phase of the light from 
the object is changed. Normal photographic emulsion 
records only amplitude changes, so one ends up with a very 
"flat" information content. However, if this light beam 
(the object beam) is allowed to interfere with a second 
"reference" beam, it ends up in a general light-intensity 
variation on' the sample. If the sample is capable of 
recording intensity variations a very realistic image of an 
object can be recorded and replayed back by illumination of 
the sample with a reference beam only. This is the broad 
principle behind holographic data storage and holography as 
such. 

Figure 4 shows a possible set-up for a holographic 
recording or reading apparatus. The apparatus 60 uses a 
spatial light modulator (SLM) 61 which can be an object 
with a well-defined data stream by means of light and dark 
dots (for example, a transmitting liquid-crystal display or 
micromirror device) . Figure 4 shows two beams, reference 
beam 62 and an object beam 63. These are formed as a first 
beam from a source of coherent light 64 (such as a laser) 
being split. Light from the light source 64 pass through a 
beamsplitter 66 which divides the beam into two equal 
parts. Parts of the beams are undeviated and are 

subsequently reflected by mirror 67 to form the reference 
beam 62 whilst the other part is reflected sideways into 
waveplate 68 to form the object beam 63 thereafter both are 
being treated individually. There is likewise another 
waveplate 69. As light strikes the waveplates the phase of 
light changes accordingly. In the case where the two 
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waveplates are A/2 vaveplates and properly aligned, one can 
end up at certain orientations of the A/2 waveplates with 
an upper part of the beam having the polarization vector 
linearly polarized orthogonal with respect to the bottom 
5 part of the beam - this would give an interference pattern 
shown in Fig. 5a. In the case where the two waveplates are 
A/4 waveplates and properly aligned, one can end up at 
certain orientations of the A/4 waveplates with an upper 
part of the beam having polarization vector, say, left hand 
10 circularly polarized with respect to the bottom part of the 
beam. The bottom part of the initially linearly polarized 
beam can be aligned by the A/4 waveplate to give a right 
hand circularly polarized beam - this would give an 
interference pattern as shown in Fig. 5b. 

15 

So after the bottom part of the beam passes through 
the SLM 61 and is "Fourier transformed", i.e., focused by 
the lens 70 on the substrate or sample 71, one can write an 
interference pattern which can subsequently be read by a 

20 reference beam on a CCD or CMOS camera 72 suitably focused 
by lens 73. One can now move the sample and record another 
spot. This can be done either by moving to a completely 
different spot or using a phase mask. One can in principle 
write several holograms into "nearly" the same spot - so 

25 called phase-multiplexing. 

In this way an interference pattern can be formed in 
the sample 71. if the temperature of this sample is 
controlled as hereindescribed, molecular units embedded in 
30 the sample can be selectively orientated. If the sample is 
then cooled it can be removed but will retain the 
interference information since the molecular units will 
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have a relatively fixed orientation. This will hold a 
record of the information input by means of the SLM and can 
subsequently be read out via a similar apparatus. 

The much slower reorientation mobility of the aligned 
molecular units at ambient temperatures allows long-time, 
or permanent, data storage in this material. Long-time 
storage of such high- temperature induced anisotropy has 
been observed at room temperature for an extended period of 
several weeks and the effects are stable within the limits 
required (as data storage for 2 or more years) . 

Embodiments of the present invention thus provide a 
holographic recording medium and method of forming thereof, 
which comprises (a) molecular units capable of alignment 
and orientation under the influence of polarized laser 
light and (b) a host medium in the form of an amorphous 
inorganic glassy network or an organic polymer in which the 
molecular units are embedded. It will be understood that 
the invention is not limited to these embodiments. 



When an interference pattern is formed within this 
medium by means of illumination with polarized light, in 
the light areas of this interference pattern the molecular 
units orientate themselves with respect to the electric- 
field vector of the linearly polarized light, thereby 
causing a preferential redistribution of spatial 
orientation of the molecular units in the previously 
homogeneous medium and the formation of a volume hologram 
30 within the medium. The magnitude and speed of this 
response to polarized light is greatly enhanced by 
illuminating the chalcogenide film at elevated 
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temperatures; subsequent cooling to ambient temperatures 
freezes in this giant response to thereby fix the molecular 
units in orientation. 

5 Certain embodiments of the present invention provide 

the added advantage over competing holographic-storage 
media that it can store polarized holograms. This material 
is, in one preferred embodiment, a chalcogenide glass 
containing molecular clusters which, under certain 
10 processing conditions: e.g. illumination at elevated 
temperatures, followed by rapid cooling to ambient 
temperatures, can have induced within it large values of 
dichroism and birefringence following illumination with 
polarized light. 

15 

One of the materials that has been identified as a 
hologram storage medium is an As-Se chalcogenide alloy 
containing As 4 Se 3 molecules dispersed in a glassy matrix. 
It is believed that the action of the polarized light, in 

20 inducing dichroism or birefringence, is to rotate these 
dipolar molecules in the matrix in a direction determined 
by the electric vector of the polarized light. One of the 
reasons for believing this is that materials containing a 
smaller concentration of As 4 Se 3 molecules exhibit a smaller 

25 value of saturated dichroism. 

A very sensitive probe of cluster molecules, such as 
As 4 Se 3 , is Raman spectroscopy in which the narrow-band 
vibrational spectra are much more highly resolved than the 
30 broad bands typical of the host amorphous matrix and this 
may therefore be used to investigate the local structure of 
the chalcogenide film containing a stored hologram (for 
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simplicity, for example a grating produced by two non- 
collinear, interfering laser beams) . The Raman spectrum 
may be investigated in spatial regions of the material 
containing respectively maxima and minima in the stored 
interference pattern. The polarized nature of the stored 
"hologram" may be useful in distinguishing aligned from 
non-aligned regions. A variety of materials may also 
contain optically-active, rotatable cluster molecules. 
Changes in the polarized (HH, HV) broad Raman band 
characteristic of the host amorphous matrix may be 
investigated to detect any optically anisotropic changes 
that may be induced in it. Temperature effects may also be 
examined. 



15 It is currently (but without limitation) believed 

that, in the case of As-Se glasses, As 4 Se 3 molecules provide 
the optimum optical element. In the case of films made by 
thermal evaporation, the concentration of optically active 
As 4 Se 3 molecules depends on a number of parameters, e.g. 
temperature of the evaporation boat, rate of evaporation, 
substrate temperature, etc. Optimization of film 

properties may be addressed by changing evaporation 
conditions and/or other preparation conditions. 
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Another, novel approach is to extract and separate the 
optically-active cluster molecules from a bulk glass, e.g. 
by dissolution in suitable solvents. Such molecules could 
then be dispersed, at a chosen concentration, in a suitable 
solid matrix. Such a matrix might be a chalcogenide glass 
of similar (or different) composition or even a polymeric 
material. Films of such cluster-matrix composites could 
then be fabricated, for example, by spin-coating. Another 
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approach would be to synthesise dipolar organic cluster 
molecules, perhaps dispersed in an organic matrix, as the 
basis for rewriteable, polarized holographic storage media. 

5 The storage medium may be encapsulated. Encapsulation 

of the optically-active film by a transparent layer is 
greatly preferred, to prevent irreversible damage resulting 
from thermo oxidation or evaporation of the chalcogenide 
(or other) active layer when the storage medium is heat- 
10 treated. Furthermore, this encapsulant film could form a 
non-reflective coating for the read-write laser wavelength, 
thereby improving the diffraction efficiency. Different 
types of encapsulant material may give preferred features, 
including inertness, and film integrity. 

15 

The further optimization of holographic data storage 
in cluster-containing chalcogenide (and other) materials 
may involve write-speed, thermal and temporal stability of 
stored holograms, erasure efficiency, storage density noise 
20 sources and bit -error rate. 



Another novel aspect of the new molecular-cluster 
holographic storage media is that they can store polarized 
holograms formed using polarized light sources, unlike 
competing materials such as LiNb0 3 , or polymers which can 
only store scalar (unpolarized) holograms. Moreover, at 
least at room temperature where the effect has already been 
studied, the photoinduced anisotropy can be reversibly 
erased and rewritten in an orthogonal polarization for very 
many cycles without fatigue. The same reversibility and 
lack of fatigue may be observed for high- temperature 
illumination, especially if samples are sufficiently well 
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encapsulated to preclude irreversible damage (e.g. 
evaporation, oxidation, etc.). It has been demonstrated 
that the anisotropy can be rewritten for orthogonal 
polarizations at high temperatures. The ability to store 
5 polarized holograms opens up several novel avenues of 
research. For instance, in principle, it should allow an 
appreciable increase in storage density over scalar 
hologram storage. 

10 This technology would greatly increase data-storage 

densities and information-retrieval rates compared with 
present technologies. Thus, existing IT technologies would 
be enhanced, and other new applications could be envisaged, 
particularly relating to data communication by optic fibre 

15 which has sufficient bandwidth to cope with the Gbit-sec 
data-retrieval rates achievable with holographic data 
storage. An example might be video on demand. 

It will be understood that heating of the medium to 
20 near or above the temperature of the plastic phase change 
can be provided either externally or in one step by 
absorption of the polarized light (or electromagnetic 
radiation of a different wavelength) or in any other 
suitable way. 

25 

It will also be understood that holograms according to 
this invention may be created by lasers having a wide range 
of energies, ranging from ultraviolet to near-infrared 
light of different optical power, depending on the bandgap 
30 of the material. Likewise pulsed or continuous powers 
lasers may be utilized. 
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It will likewise be understood that the holograms 
resulting from this invention may be incorporated into 
other optical structures. In addition, the holograms can 
be surface coated with a clean transparent polymer or 
5 similar protective organic or inorganic material which will 
mechanically protect and prevent surface deterioration of 
the hologram element. 

It will further be understood that a considerable 
10 decrease of. the time response of the phenomena at 
temperatures under which the material undergoes the 
plastic-phase change may be achieved by increasing the 
light power density of the linearly polarized inducing 
beam. 
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It will also be understood that reorientation of the 
molecular units, and hence the modulation in refractive 
index, can also be utilized for two-dimensional type 
optical memories (i.e. CD and DVD) by illumination of an 
As<Se 3 -containing medium by highly focused beams of non- 
coherent linearly polarized light to give a 2D array of 
recorded bits in a given layer. 

While the invention has been described in detail and 
with reference to specific embodiments thereof, it will be 
apparent to those skilled in the art that various changes 
can be made without departing from the scope of the 
invention. 
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CLAIMS: 



1. A holographic recording medium comprising: 

an amorphous host: material which undergoes a phase 
5 change from a first to a second thermodynamic phase in 
response to a temperature rise above a predetermined 
trans ition' : ~temperature; 

a plurality of photo-sensitive molecular units 
embedded in the host material and which can be orientated 
10 in response to illumination from a light source; whereby 

said molecular units may be so orientated when said 
host material is at a temperature, equal to or above said 
transition temperature but retain a substantially fixed 
orientation at temperatures below said transition 
15 temperature. 



2. The recording medium as claimed in claim 1 wherein: 
said molecular units comprise molecular compounds of 

the type A 4 B 3 where A is either phosphorus or arsenic and B 
20 is either sulphur, selenium or tellurium. 

3. The recording medium as claimed in claim 1 wherein: 
said molecular units comprise molecular compounds of 

the type A 4 B 4 where A is either phosphorus or arsenic and B 
25 is either sulphur, selenium or tellurium. 



4. The recording medium as claimed in any of claims 1 to 
3 wherein said host material comprises an inorganic glassy 
matrix material. 

30 



28 



BNSDOCID: <WO 01461 1 1A1_L> 



WO 01/45111 



PCT/GB00/04833 



5. The recording -nedium as claimed in any of claims 1 to 
3 wherein said host material comprises an inorganic 
crystalline matrix material. 

6. The recording medium as claimed in any of claims 1 to 
3 wherein said host material comprises a chalcogenide 
glass . 

7. The recording medium as claimed in any of claims 1 to 
6 wherein said light source comprises a source of linearly 
polari zed 1 ight . 

8. The recording medium as claimed in claim 7 wherein 
said light source comprises a laser. 

9. The recording medium as claimed in any of claims 1 to 
6 wherein said light source comprises a source of 
circularly polarized light. 

10. The recording medium as claimed in any preceding claim 
wherein each of said molecular units comprises a generally 
spherical molecule having a dipole moment. 

11. The recording medium as claimed in claim 10 wherein 
said dipole moment can interact with an electric field 
vector associated with said light source to cause an 
orientation of a respective molecular unit. 

12 . The recording medium as claimed in any preceding claim 
wherein the orientation of molecular units in selected 
regions of said host materials provides a photoinduced 
anisotropic response. 
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13. The recording medium as claimed in any preceding claim 
wherein: 

regions of said host material in which said molecular 
units are commonly orientated have a different index of 
refraction than regions of said host material in which said 
molecular units are not so commonly orientated. 

14. The recording medium as claimed in any of claims 1 to 
12 wherein: 

regions . of, said host material in which said molecular 
units are commonly orientated have a different index of 
absorption than regions of said host material in which said 
molecular units are not so commonly orientated. 

15 15. The recording medium as claimed in any preceding claim 
wherein said molecular units comprise a semiconductor 
material . 
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16. The recording medium as claimed in any preceding claim 
wherein said molecular units comprise a thin film deposited 
on said host material. 

17. The recording medium as claimed in any preceding 
claims further comprising: 

an encapsulant comprising a transparent protective 
layer substantially covering the surface of said recording 
medium. 



18. A method of forming a holographic element comprising 
30 the steps of: 

heating an amorphous host material above a 
predetermined transition temperature at which said material 
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undergoes a thermodynamic phase change from a first to a 
second thermodynamic state; 

selectively illuminating said host material via a 
light source thereby orienting photo-sensitive molecular 
units embedded in said host material in response to the 
illuminating light; and 

subsequently cooling said host material below said 
transition temperature to a temperature at which said host 
material is ' in said first thermodynamic state thereby 
substantially fixing the orientation of said molecular 
units . 

19. The method as claimed in claim 18 wherein: 

said molecular units comprise molecular compounds of 
the type A 4 B 3 where A is either phosphorus or arsenic and B 
is either sulphur, selenium or tellurium. 

20. The method as claimed in claim 18 wherein: 

said molecular units comprise molecular compounds of 
the type A 4 B 4 where A is either phosphorus or arsenic and B 
is either sulphur, selenium or tellurium. 

21. The method as claimed in any of claims 18 to 20 
wherein said host material comprises an inorganic glassy 
matrix material. 

22. The method as claimed in any of claims 18 to 20 
wherein: 

said host material comprises an inorganic crystalline 
matrix material. 
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23. The method as claimed in any of claims 18 to 20 
wherein said host material comprises a chalcogenide glass. 

24. The method as claimed in any of claims 18 to 23 
wherein said orientating step comprises illuminating the 
host material with polarized light. 

25. The method as claimed in any of claims 18 to 24 
further comprising the steps of: 

varying, the index of refraction in regions of said 
host material where said molecular units are commonly 
orientated compared to the index of refraction in regions 
of said host material which are not so orientated. 

15 26. The method as claimed in any of claims 18 to 24 
further comprising the steps of: 

varying the index of absorption in regions of said 
host material where said molecular units are commonly 
orientated compared to the index of absorption in regions 
of said host material which are not so orientated. 
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27. The method as claimed in any of claims 18 to 26 

wherein said host material is heated by external heating. 

25 28. The method as claimed in any of claims 18 to 26 

wherein said host material is heated by absorption of 
polarized laser light. 



30 



29. The method as claimed in any of claims 18 to 28 
wherein said first thermodynamic state comprises the solid 



state. 
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30. The method as claimed in any of claims 18 to 2 9 
wherein said second thermodynamic state comprises a 
plastic-like state. 

31. The method as claimed in any of claims 18 to 30 
wherein said host material is substantially solid at room 
temperature . 

32. The method as claimed in any of claims 18 to 31 
wherein said. step of orientating molecular units comprises, 
for each unit, aligning a dipole moment associated with the 
molecular unit with the electric vector associated with the 
illuminating light. 

33. The method as claimed in any preceding claim further 
comprising the steps of: 

reversibly orientating said molecular units. 

34. The method as claimed in any of claims 18 to 33 
further comprising the steps of : 

reheating the host material above said predetermined 
transition temperature; 

reorientating molecular units via a light source; and 
cooling said host material below said predetermined 
25 transition temperature. 
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